The highly repetitive satellite DNA family "ATOCl80" is specific for the three closely related species Drosophila obscura, D. ambigua, and D. tristis but does not occur in their closest relatives D. subsilvestris and D. bifasciata. Approximately 10,000 copies/ haploid genome of -180-bp repetition units are tandemly arranged in the centromeric heterochromatin of all chromosomes of all three species. Molecular analysis of 29 cloned repeats shows much intra-and interspecific sequence homogeneity.
Introduction
Highly repetitive satellite DNA (satDNA) is a characteristic component of the genomes of almost all eukaryotic organisms. Only some fungi have been reported to lack this class of DNA (Timberlake 1978) . Several common structural attributes characterize this specific component of the genome, regardless of the actual nucleotide sequence of the basic repeat in question ( Beridze 1986, pp. 109-113) . Typically, highly repetitive DNA is noncoding.
It is restricted to the heterochromatic regions of the chromosomes, near the centromeres and/or telomeres. Several thousand or even several million copies of repetition units are tandemly arranged and form large homogeneous arrays. Among different organisms, the length of the repetition unit may vary considerably.
For example, only 2-bp repeats were found in crabs (Gray and Skinner 1974) ) and 5-bp repeats were found in Drosophila melanogaster (Lohe and Roberts 1988) , but 40-kb repeats were found in ikfuntiacus vaginalis (Benedum et al. 1986) , to mention a few extreme cases. However, most repetition units of satDNA that have so far been described range in length between -100 bp and 400 bp (Hsieh and Brutlag 1979; H&-z and Altenburger 198 1) . Surely, satDNA is most curious with respect to its intraspecific sequence conservation and its special mode of evolution.
Some satDNA families are clearly species specific (Bachmann et al. 1989) , and some are amplified to a high copy number in one species but appear in only moderate copy numbers in closely related species (Bachmann et al. 1990 ). Other satDNAs may be restricted to a specific phylad of related species (Ganal et al. 1986; Cremisi et al. 1988) , while others may be present in all species of a whole genus (Vignali et al. 199 1) .
Several models have been proposed to explain these phenomena. Smith ( 1976) was the first to demonstrate by computer simulation that "unequal crossing-over" can generate and maintain tandemly repeated homogeneous DNA clusters. However, his model only works when the copy number of tandemly arranged sequences is balanced by natural selection. More complex simulations (Charlesworth et al. 1986; Stephan 1986) showed that arrays of tandemly arranged satDNA accumulate most probably in chromosome regions where the recombination rate is low. Unequal crossing-over is frequently accepted as the mechanism that conserves the high intraspecific homogeneity of an already existing tandemly arranged DNA. In addition to unequal crossingover, two other mechanisms are considered for the origin of arrays of tandemly arranged repetitive DNA. While slippage replication might be an important mechanism for the amplification of simple-sequence DNA such as minisatellites in humans (Walsh 1987; Stephan 1989) ) the finding of extrachromosomal circular alphoid satDNA (Okumura et al. 1987) suggests that rolling-circle amplification (Hourcade et al. 1973 ) might also play an important role in the amplification processes of satDNA. In this paper we will describe the specific properties of a satDNA family common to three species of the D. obscura group (D. obscura, D. ambigua, and D. t&is). The results will be discussed in the context of satDNA organization and evolution.
Material and Methods

Drosophila Strains
The strains of D. tristis ( 1978) and D. obscura ( 1977) were derived from wild flies collected in Tiibingen (Germany), and the D. ambigua ( 1973) strain was derived from flies collected in Vienna (Austria).
All strains have been kept in the laboratory at constant 18°C in continuous light.
DNA Isolation and Cloning
Genomic DNA of Drosophila was extracted as described by Preiss et al. ( 1988) . Highly repetitive DNA was isolated from restriction satellite bands visible after 5% polyacrylamide gel electrophoresis of EcoRI-or PstI-digested genomic DNA of all the three species mentioned above. The DNA fragments were eluted from the gel, purified, and ligated into the plasmid pUC 19 (Ring and Blakesley 1986) and were transformed to Escherichia coli JM 103 cells. Recombinant clones were selected as white colonies on ampicillin plates containing X-gal (5-bromo-4-chloro-3-indolyl-P-D-galactoside) and IPTG (isopropyl-P-D-thiogalactopyranoside).
DNA Hybridization
Digested genomic DNA separated on agarose gels was blotted to Hybond N membranes ( Amersham) according to the method of Southern ( 1975) . Bacterial colonies were transferred to nitrocellulose membranes (Davis et al. 1986, pp. 227-229 (Feinberg and Vogelstein 1983) were used for hybridizations .
DNA Sequencing
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al. 1986, Plasmid DNA was purified according to the manual of the Diagen Plasmid Kit Hi-purity (4 10 14; Diagen). The chain-termination method (Sanger et al. 1977 ) was used to sequence both strands of the pUC19 clones. It was performed as described in the instructions of the T7 sequencing kit (27-1682-o 1; Pharmacia).
Computer Analysis DNA sequences were analyzed by DNASIS ( version 5.0). Genetic distances were calculated according to Kimura's ( 1980) (Bachmann et al. 1990 ). Four positive PstI clones from D. ambigua ( pAPC 180/ l-4)) 5 EcoRI clones from D. tristis ( pTEC 18 1 / l-5 ) , and 18 PstI clones from D. obscura were selected for sequence analyses.
Results
Genomic
The alignment of the nucleotide sequences of these 27 clones ( fig. 1 ) proved that they all belong to the same family of satDNA. The family was termed "ATOCl80." Furthermore, it became evident that another 328-bp EcoRI-Hue111 clone (pAEH328) from genomic DNA of the same strain of D. ambigua, selected in an earlier cloning experiment on a different topic, also belongs to the same class of DNA. The sequence comparison revealed that the insert of this clone contains two almost complete tandemly arranged copies of the ATOCl80 family. The two repetition units of pAEH328 were termed "pAEC 180/ 1" and "pAEC 180/ 2," respectively, and are included in figure 1 .
The nucleotide sequences of the ATOCl80 clones are slightly AT rich ( 55%-60% ) . The sequences of only two clones ( pOPC 182 / 4 and pOPC 182 / 5 ) are identical; all others differ from each other, to varying extents. The differences are mainly single nucleotide substitutions.
Some of the base substitutions are autapomorphic, and others are common to two or more sequences. In several cases, the nucleotide substitutions were present in all clones extracted from only one species (e.g., G at position 26 in all clones from D. tristis). Downloaded from https://academic.oup.com/mbe/article-abstract/10/3/647/1016372 by guest on 21
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In addition, five single nucleotide insertions and/or deletions (indels) were found. Three of these indels are autapomorphic (at position 46 in pOPC 182/2, at position 103 in pAPC 180 / 1, and at position 173 in pAPC 180 / 2). Two gaps were observed in all the clones belonging to a group of related sequences (at position 27 in pOPC 182 / 1-18 and at position 35 in pAPC 180/ l-4). One particular gap, a three-base deletion, is common to pTECl8 1 / 1 and to pTEC 18 1 / 3, which were isolated from D. t&is, and to pAEC 180 / 1, which was isolated from D. ambigua.
No sequence cloned via PstI has an EcoRI site, and no sequence cloned via EcoRI has a PstI site. This is not due to the cloning procedure, because the presence of an EcoRI site does not necessarily exclude a priori the absence of a PstI site, and vice versa. Furthermore, the PstI site is modified in all EcoRI clones ( pTEC 18 1 / l-5 and pAEC 180/ l-2) by the substitution of two nucleotides (CTGCAG becomes CTGT' J' G) .
In addition, in all PstI clones derived from D. obscura (pOPCl82 / l-18), the EcoRI site is changed by the substitution of two nucleotides (GAATTC becomes KATTC) . Genetic distances of the cloned sequences (except for pOPC 182 / 5, which is identical to pOPCl82/4) were calculated according to Kimura's ( 1980) two-parameter method. The data (which can be provided on request) were used to construct two A rooted tree (not shown) was constructed according to the UPGMA method of Sneath and Sokal ( 1973, pp. 230-234) , and a second unrooted network ( fig. 2 ) results from the neighbor-joining method of Saitou and Nei ( 1987 ) . Although the UPGMA and neighbor-joining methods are based on different evolutionary assumptions, the resulting dendrograms are practically identical; in both cases, four clusters of sequences become apparent ( I-pTEC 18 1 / l-5, II-pAEC 180/ l-2, IIIpAPC 180/ l-4, and IV-pOPC 182 / l-3 and 6-18 ) , and each cluster only includes ATOC 180 sequences derived from one of the three species. All clones isolated from D. t&is are located exclusively in cluster I, and the clones derived from D. obscura all appear in cluster IV-only pOPC 182 / 4 ranges slightly apart, thus linking clusters III and IV. The sequences of D. ambigua are found in the two separate clusters II and III. Cluster III is placed, in both cases, in the proximity of the cluster of the D. obscura clones, whereas the position of cluster II differs slightly in the two dendrograms.
The 62 most probable maximum-parsimony trees (Eck and Dayhoff 1966, p. 164; Kluge and Farris 1969 ; not shown) calculated by the DNAPARS computer program (Felsenstein 1988 ) differ from the distance trees only by minor rearrangements within the four groups of clones.
Discussion
In recent publications concerning the phylogeny of the Drosophila obscura group, the three species D. ambigua, D. tristis, and D. obscura have been shown to constitute a monophyletic triad (Cabrera et al. 1983; Felger and Pinsker 1987; Cariou et al. 1988) , although the exact phylogenetic relationships within this triad are still unclear. Allozyme data (Lakovaara and Keranen 1980) allow us to calculate the time of divergence of these three species to be -3-5
Mya, on the basis of Nei's ( 1987, p. 234) substitution rate for electrophoretically detectable variants. In our studies on repetitive DNAs, the satDNA family ATOC180 was identified as a genome component exclusively common to D. ambigua, D. tristis, and D. obscura, located in the centromeric heterochromatin of all chromosomes. The genomic organization of the ATOC 180 sequences shows homogeneous arrays of tandemly arranged repetition units of -180 bp, and the same may also be assumed for the common ancestor of this species triad.
The comparison of nucleotide sequences of 29 cloned repetition units of the ATOCl80 satDNA family ( 18 from D. obscura, 5 from D. tristis, and 6 from D. ambigua) shows great intra-and interspecific sequence similarity. If the assumption of convergent sequence evolution is excluded, it is possible to reconstruct the consensus sequence of the ATOC 180 satDNA repeats of the common ancestor for 156 nucleotide positions ( -85% of the sequence).
Twenty-six positions ( -15%) remain uncertain because of the fixation of different nucleotides or indels in the consensus sequences of the extant species ( fig. 3 ) .
UPGMA, neighbor-joining, and maximum-parsimony dendrograms show four clearly separated clusters of related sequences. The existence of sequence clusters in the dendrograms can easily be explained by the occurrence of cluster (species)-specific nucleotide substitutions shared by all sequences of a cluster (species), while the branching within the clusters (species) is due to randomly occurring sequence variability. Speciation is the main reason for the evolution of species-specific sequence characters.
The agreement among the trees obtained by UPGMA, neighbor joining, and maximum parsimony leads us to believe that the ATOC 180 satDNA family sequences evolved gradually at an almost constant rate. Otherwise, the neighbor-joining and the maximum-parsimony networks should, for the ATOC 180 sequences, give trees that are different from those given by the UPGMA method. If so, one can reconstruct the evolution of the ATOC180 satDNA family. The highest interspecific distance values appear between pTECl8 1 and pOPCl82, and the lowest occur between pAPCl80
and pOPC 182 sequences. This indicates that the cladogenesis of D. tristis should have taken place before the speciation of D. ambigua and D. obscura. This interpretation is supported by mitochondrial restriction data (Gonzalez et al. 1990 ) and by transpositions and duplications of the histone gene cluster in the chromosome elements of these species (Felger and Pinsker 1987 ) . 1-1.5 X 10 -* substitutions/ site/year, deduced from ADH sequences of several Hawaiian Drosophila species ( Rowan and Hunt 199 1) , and to 1 X 10 -* substitutions/ site/year, deduced from DNA-DNA hybridization data of coding DNA of several species of the D. obscura group (Caccone and Powell 1990) . As fossil records are not available, the estimation of substitution rates in Drosophila might appear to be very approximate.
On the other hand, the example of Hawaiian drosophilids shows that biogeographic data can be related to geologic data, with great accuracy. The only estimate of a > 25 X 10 -* substitutions/ site/year that is available for noncoding and nonrepetitive DNA is also based on DNA-DNA hybridization data (Caccone and Powell 1990 ). However, it should be emphasized that the estimate of 3 X 10 -* substitutions/ site/year considers only the diversity between the consensus sequences. The actual intraspecific sequence variability already ranges between 7% and 15%. This variability is mainly due to randomly distributed nucleotide changes, which seem to allow an identification of individual repetition units but which are not at all characteristic of the average.
The evolution of already existing tandemly repeated satDNA is driven by two main processes. Mutation leads to variability between repeated sequences by single nucleotide changes. This provides the basis for the evolution of the consensus sequences through random fixation by homogenization processes such as unequal crossing-over and/or gene conversion. Our data imply, however, that the base-pair diversity between repeats is rather low. This might be due either to selection or to the efficiency of the homogenization processes. As long as no selective mechanisms acting on satDNAs are known, we strongly favor the hypothesis of efficient homogenization processes. Two apparent questions remain unresolved. If satDNA really tends to be as conservative during evolution as has been argued above, and if it is possible to trace the ATOC 180 satDNA family back to the common ancestor of D. obscura, D. ambigua, and D. tristis, it should be possible to detect ATOC 180 sequences in the closest relatives of these species -e.g., D. bijkciata and D. subsilvestris-as well. This raises the question, What initiates, regulates, and terminates the upheavels of genome evolution responsible for the exchange of an entire set of satDNA in an evolutionary short period of time? In this special case, how is it possible to explain the sudden appearance and amplification of the ATOC 180 satDNA family after the cladogenetic splitting of the ilies in other species of the D. obscura group-i.e., pGH290 of D. guanche (Bachmann et al. 1989) ) pTET 18 1 of D. tristis (Bachmann et al. 1990) ) KM 190 of D. microlabis and D. kitumensis (Bachmann et al. 1992 Since we do not believe in an exceptional mode of evolution of the ATOC 180 satDNA family, we propose that the evolution of tandemly repeated satDNA is governed by the alternation of gradual and saltatory modes of evolution.
